Introduction
============

Colon cancer is a common malignancy in all countries including the United States.[@b1-cin-15-2016-001] This disease is the fourth leading cause of cancer deaths worldwide. Colon cancer results from the accumulation of multiple genetic and epigenetic modifications, leading to the transformation of colon epithelial cells into invasive adenocarcinomas.[@b2-cin-15-2016-001] The lack of response in many cancer treatments emphasizes the importance of personalized therapy to improve the patient outcomes. In this study, by integrating the knowledge from cell line pharmacogenomics with molecular information of cancer cells, we revealed a new effective diagnostics of colon cancers for personalized treatment where the gene variants are classified by their functional impact on signaling pathways related to colon cancer progression and efficacies toward the chemotherapy drugs.

For years, one of the cornerstones of colon cancer treatment has been chemotherapy. Platinum (Pt)-based chemotherapeutic anticancer drugs such as cisplatin, carboplatin, and oxaliplatin are widely used to treat various cancers, including colon cancer. In particular, for colon cancer, antimetabolite chemotherapy drug 5-fluorouracil (5-FU) has been the treatment of choice for decades, until randomized trials established the superiority of combination therapy with oxaliplatin in most clinical situations.[@b3-cin-15-2016-001],[@b4-cin-15-2016-001] It is commonly believed that DNA is the molecular target for these chemotherapies resulting in inhibited transcription. The exact, synergistic mechanism between oxaliplatin and 5-FU is complex, but experimental observations indicated that oxaliplatin can downregulate or inhibit dihydropyrimidine dehydrogenase, slowing down the catabolism of 5-FU.[@b5-cin-15-2016-001] One of the major problems encountered in clinical practice with chemotherapeutic drugs is the development of drug resistance. In many cases, resistance to chemotherapy takes place before drug treatment (inherent resistance), and in others, resistance arises during treatment (acquired resistance).[@b6-cin-15-2016-001] Knowledge of the various resistance mechanisms[@b6-cin-15-2016-001] has led to the development of new drugs that can be specifically targeted. However, these new drugs suffer from a substantial failure rate and from toxicity.[@b7-cin-15-2016-001] Efforts to overcome resistance to chemotherapy have been so far largely unsuccessful because of the ambiguous inter- and intratumor heterogeneity and complex biology of cancer cells with wide individual variations.[@b8-cin-15-2016-001] *Trans*-1,2-cyclohexane-diamine (pyrophosphato) Pt (II) phosphaplatin (PT-112) is a newly discovered non-DNA-binding Pt compound[@b9-cin-15-2016-001] and currently undergoing phase I clinical trial ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier: NCT02266745). PT-112 exhibited excellent physiochemical properties with lesser cytotoxicity and reduced resistance compared with other Pt-based drugs[@b9-cin-15-2016-001],[@b10-cin-15-2016-001] and may represent an alternative to the other chemotherapy drugs in the fight against cancer heterogeneity.

Not all cancers are created equal. Colon cancer tumorigenesis was first described as a multistep process from the accumulation of tumor suppressor genes (TSGs) and oncogene mutations involving adenomatous polyposis coli (*APC*), tumor protein 53 (*TP53*), and Kirsten rat sarcoma viral oncogene homolog (*KRAS*).[@b11-cin-15-2016-001] However, this hypothesis offered a restricted repertoire of genetic alterations. Recently, there have been major advances in understanding the multiple molecular pathways for colon cancer pathogenesis that consists of cytogenetic or epigenetic events.[@b12-cin-15-2016-001] For the cytogenetic events, the most analyzed events are microsatellite instability, chromosomal instability, and CpG island methylator phenotype. For the epigenetic alteration, the most studied mechanisms are DNA methylation, modifications in histone proteins, and microRNAs.[@b2-cin-15-2016-001],[@b12-cin-15-2016-001],[@b13-cin-15-2016-001] The new view of colon cancer development is the accumulation of genetic abnormalities, through mutations and genomic instabilities, as well as epigenetic alterations.[@b14-cin-15-2016-001]

Nonetheless, in the case of mutations, frequently mutated genes, beyond what would be predicted by chance, or have mutations that cluster in key amino acid (AA) residues or functional protein domains, convincingly demonstrate that these genes are pivotal to cancer development.[@b15-cin-15-2016-001] For instance, the mutation of TSGs *APC* (Wnt pathway controlling gene) and *TP53* (genome integrity pathway controlling gene) and oncogene *KRAS* (mitogen-activated protein kinases \[MAPK\]-signaling pathway controlling gene) is critical[@b11-cin-15-2016-001] in colon cancer development and progression. In particular, the *KRAS* gene is mutated in 30%--50% of colon cancer tumors.[@b16-cin-15-2016-001],[@b17-cin-15-2016-001] Therefore, instead of treating all mutations in the same way to determine their clinical significance, it is more advantageous to categorize them into distinctive classes based on their functional impact (eg, *gain-of-function* of the oncogenes or *loss-of-function* of the TSG) on the cellular network and responses to drugs.[@b18-cin-15-2016-001],[@b19-cin-15-2016-001]

In this study, we established an integrated cancer informatics approach to assess the impact of genetic mutations on protein functions, signaling pathways, and drug activity (ie, sensitivity or insensitivity) based on the *z*-scores from GI~50~ values (ie, drug concentration required to inhibit tumor growth by 50%) among the US National Cancer Institute-60 (NCI-60) human tumor cell lines to predict a priori treatment outcome using CellMiner.[@b20-cin-15-2016-001] We particularly focused on NCI-60 colon cancer cell line treatments with oxaliplatin or 5-FU to identify the molecular patterns of drug activity, which is analogous to selecting therapy based on the basal characteristics of patient tumors and predicting response. By establishing the pharmacogenomic correlation between the drug activity and genetic variants of the colon cancer cell lines, we identified five independent signaling pathways associated with the cancer progression (including the epidermal growth factor receptor \[EGFR\] network). We concluded that cancer treatment decisions would benefit from combining the information of AA variants (nonsynonymous mutations) of the genes, signaling pathways, and drug activity for personalized treatment, which to date has largely been overlooked.

Results
=======

Gene selection and mutation across the NCI-60 colon cancer cell lines
---------------------------------------------------------------------

We found that the number of genetic mutations across the NCI-60 colon cancer cell lines varies significantly, from a few hundred to several thousand ([Supplementary Table 1](#s1-cin-15-2016-001){ref-type="supplementary-material"}). The COLO_205 cell line has a total of 137 genetic mutations. In contrast, the HCC_2998 cell line consists of a total of 5,079 genetic mutations. We identified the important mutations across colon cancer cell lines by combing 127 significantly mutated genes (SMG) across 12 major cancer types from The Cancer Genome Atlas (TCGA) Pan-Cancer[@b21-cin-15-2016-001] along with the 125 driver genes with subtle mutations from the Catalogue of Somatic Mutations in Cancer (COSMIC; the 125 driver genes contain 71 TSG and 54 oncogenes).[@b22-cin-15-2016-001] As a result, we identified a total of 188 unique genes ([Supplementary Fig. 1](#s1-cin-15-2016-001){ref-type="supplementary-material"}). Among these 188 unique genes, we uncovered the percentage of allele frequency of AA variants (nonsynonymous mutation) among the exome sequencing data (see the "Methods" section) using CellMiner.[@b20-cin-15-2016-001],[@b23-cin-15-2016-001] Twenty-eight genes present no AA variants across the NCI-60 cell lines, while the remaining 160 genes do. Our analysis focuses on these 160 genes.

We noticed that for the two most heavily mutated colon cancer cell lines, HCC_2998 and HCT_15 ([Supplementary Table 1](#s1-cin-15-2016-001){ref-type="supplementary-material"}), the genome integrity genes *TP53*, *ATM*, *ATRX*, *BRCA2*, and *ATR* show high percentage (\>60%) of AA variant(s) ([Supplementary Fig. 1A](#s1-cin-15-2016-001){ref-type="supplementary-material"}). For HCC_2998, we noted that all the genes from phosphoinositide 3-kinase (PI(3)K) signaling pathway have AA variant(s). Other genes such as *LRKK2*, *POLQ*, and *NCOR1* have AA variant(s) across the cell lines HCC_2998, HCT_116, and HCT_15 ([Fig. 1B](#f1-cin-15-2016-001){ref-type="fig"}) that are heavily mutated ([Supplementary Table 1](#s1-cin-15-2016-001){ref-type="supplementary-material"}). Specifically, *POLQ* has variant(s) across all the colon cancer cell lines, except COLO205 that has the lowest number of mutated genes ([Supplementary Table 1](#s1-cin-15-2016-001){ref-type="supplementary-material"}). For cell line HCT_15, several driver genes from cell survival (*ALK*, *B2M*, *CASP8*, *MED12*) and cell fate (*BCOR*, *CREBBP*, *FAM123B*) processes have high percentage of AA variants.

[Figure 2A--C](#f2-cin-15-2016-001){ref-type="fig"} shows the AA variants among the 160 genes that are deleterious to cell function and absent from noncancerous genomes (see the "Methods" section). We found that the transcription activator *EP300* driver gene, which plays an essential role in regulating cell division and preventing the growth of cancerous tumors, is mutated in five out of the seven cell lines ([Fig. 2A](#f2-cin-15-2016-001){ref-type="fig"}). In addition, we found that protein function affecting AA variants of gatekeeper gene *APC*, TSG *TP53*, and oncogene *KRAS* are present in both HCC_2998 and HCT_15 ([Fig. 2B](#f2-cin-15-2016-001){ref-type="fig"}). Notably, these two cell lines do not contain any protein function affecting variants for *PIK3CA* and *SMAD4* genes ([Fig. 2B](#f2-cin-15-2016-001){ref-type="fig"}). Interestingly, for the *CTNNB1* gene, AA variants are also present in these two cell lines ([Fig. 1B](#f1-cin-15-2016-001){ref-type="fig"}), but none of these variants are deleterious ([Fig. 2B](#f2-cin-15-2016-001){ref-type="fig"}), suggesting that these mutations could also be present in normal genes, and thus may not be harmful and do not affect the protein function. Variant percentages of rest of the driver genes in the colon cancer cell lines are shown in [Figure 2C](#f2-cin-15-2016-001){ref-type="fig"}.

Efficacy of Pt- and non-Pt-based drugs in colon cancer cell lines
-----------------------------------------------------------------

We compared the efficacy of the Pt-based drugs, such as PT-112, oxaliplatin, cisplatin, and carboplatin, and the non-Pt-based drug, such as 5-FU, against the seven colon cancer cell lines from their respective *z*-scores (drug activity from GI~50~ values; see the "Methods" section). Based on the *z*-scores of a drug, the cell lines are categorized as *sensitive* (*z*-scores \>0.5), *resistant* (*z*-scores \<−0.5), or *neutral* (−0.5, *z*-scores \<0.5) following the terminology used by Abaan et al.[@b24-cin-15-2016-001] We found that both the Pt-based drugs, PT-112 and oxaliplatin, are sensitive to the cell lines HCT_116, HT29, and SW_620, but resistant to KM12, and neutral to HCC_2998 cell lines ([Fig. 3A and B](#f3-cin-15-2016-001){ref-type="fig"}). Both the cell lines COLO205 and HCT_15 are neutral to PT--112. However, COLO205 is resistant and HCT_15 is sensitive to oxaliplatin. Unlike oxaliplatin and PT-112, cisplatin and carboplatin are not sensitive to any of the colon cancer cell lines ([Supplementary Fig. 3](#s1-cin-15-2016-001){ref-type="supplementary-material"}). We also probed 5-FU, which is commonly used alone or in combination with oxaliplatin in the treatment of colon cancer. 5-FU is sensitive to all the colon cancer cell lines tested, except SW_620 for which it is neutral ([Fig. 3C](#f3-cin-15-2016-001){ref-type="fig"}).

Correlation between drug activity and single variants across the colon cancer cell lines
----------------------------------------------------------------------------------------

We also explored the pharmacogenomics correlation between the efficacy of the drugs and the AA variant(s) of the genes across the NCI-60 cell lines (see the "Methods" section) for both the Pt-based (oxaliplatin, cisplatin, and carboplatin) and non-Pt-based (5-FU) drugs. Similar analyses for the Pt drug PT-112 were not performed due to the unavailability of the data for NCI-60 cell lines from CellMiner. The AA variant(s) of the genes that correlate with the activity of oxaliplatin and 5-FU for the colon cancer cell lines are shown in [Tables 1](#t1-cin-15-2016-001){ref-type="table"} and [2](#t2-cin-15-2016-001){ref-type="table"}, respectively. Out of the 160 genes, we found 20 genes with AA variants that demonstrate statistically significant correlation (*P* \< 0.05) with the activity (sensitivity/resistivity) of oxaliplatin ([Table 1](#t1-cin-15-2016-001){ref-type="table"}), where there are 23 genes for 5-FU ([Table 2](#t2-cin-15-2016-001){ref-type="table"}). Moreover, there are nine common genes (*IDH1*, *KEAP*1, *KRAS*, *MTOR*, *PPP2R1A*, *SIN*3*A*, *JAK*3, *MED*12, and *SMO*) for which there is, at least, one variant that correlates with the activity of both oxaliplatin and 5-FU (as indicated in bold letters in [Tables 1](#t1-cin-15-2016-001){ref-type="table"} and [2](#t2-cin-15-2016-001){ref-type="table"}). Specific variants of a given gene that do not correlate with the drug activity are indicated by *X* mark in [Tables 1](#t1-cin-15-2016-001){ref-type="table"} and [2](#t2-cin-15-2016-001){ref-type="table"}.

In particular, for *KRAS*, it is interesting to note that the variant at codon 13D (G13D) from HCT_16 and HCT_15 cell lines and another variant at codon 12V (G12V) from SW_620 cell line are correlated with oxaliplatin activity ([Table 1](#t1-cin-15-2016-001){ref-type="table"}). However, for 5-FU, only the variant G13D of *KRAS* (from HCT_16 and HCT_15) is correlated with the drug activity ([Table 2](#t2-cin-15-2016-001){ref-type="table"}). Notably, 5-FU is sensitive to HCT_16 and HCT_15, but neutral to SW_620 ([Fig. 3B](#f3-cin-15-2016-001){ref-type="fig"}), whereas oxaliplatin is sensitive to these three cell lines ([Fig. 3A](#f3-cin-15-2016-001){ref-type="fig"}). Moreover, neither oxaliplatin nor 5-FU activity is correlated with the variant A146T of *KRAS* from HCC_2998 (indicated by *X* in [Tables 1](#t1-cin-15-2016-001){ref-type="table"} and [2](#t2-cin-15-2016-001){ref-type="table"}). In particular, for HCC_2998, we did not find any variant (from our list of genes) that correlates with the activity of oxaliplatin. Moreover, HCC_2998 is neutral to oxaliplatin. However, variant(s) from several genes other than *KRAS* are correlated with the activity of 5-FU for HCC_2998 ([Table 2](#t2-cin-15-2016-001){ref-type="table"}). Variants from other genes such as *MLH1* for oxaliplatin (from HCT_116 and HCT_15) and *TGFBR2* (from HCT_15 and HT29) in [Table 1](#t1-cin-15-2016-001){ref-type="table"} together with *AXIN1* (from COLO205 and HCT_15) for 5-FU in [Table 2](#t2-cin-15-2016-001){ref-type="table"} that show correlation with drug activity are associated with colon cancer progression from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.[@b25-cin-15-2016-001] Similar analysis of cisplatin ([Supplementary Table 2](#s1-cin-15-2016-001){ref-type="supplementary-material"}) and carboplatin ([Supplementary Table 3](#s1-cin-15-2016-001){ref-type="supplementary-material"}) revealed that none of the AA variants of *KRAS* shows correlation to the activity of either of these drugs.

Signaling pathways related to drug activity in colon cancer
-----------------------------------------------------------

Our main goal is to identify the signaling pathways related to the efficacy of either oxaliplatin or 5-FU or the combination of both drugs to predict a priori treatment outcome for colon cancer. First, we combined the 20 genes for which their variant(s) correlate with oxaliplatin activity ([Table 1](#t1-cin-15-2016-001){ref-type="table"}) and 23 genes related to 5-FU activity ([Table 2](#t2-cin-15-2016-001){ref-type="table"}). Eliminating the nine common genes (*IDH1*, *KEAP1*, *KRAS*, *MTOR*, *PPP2R1A*, *SIN3A*, *JAK3*, *MED12*, and *SMO*) for which the variant(s) are correlated with the activity of both oxaliplatin and 5-FU, there are 34 unique genes ([Supplementary Table 4](#s1-cin-15-2016-001){ref-type="supplementary-material"}). Next, based on the gene--variant--drug activity correlation ([Tables 1](#t1-cin-15-2016-001){ref-type="table"} and [2](#t2-cin-15-2016-001){ref-type="table"}) of these 34 genes and by combining that with the KEGG-pathway for colon cancer progression (see the "Methods" section) and the EGFR-related pathways[@b26-cin-15-2016-001]--[@b30-cin-15-2016-001] (for its involvement in the development and progression of colon cancer),[@b31-cin-15-2016-001] we presented signaling pathways related to the activity of oxaliplatin and 5-FU in [Figure 4](#f4-cin-15-2016-001){ref-type="fig"}. We identified five independent signaling pathways: transforming growth factor-beta (TGF-β; *TGFBR2*), MAPK (*KRAS* and *NF1*), Janus Kinase and Signal Transducer and Activator of Transcription (JAK-STAT) (*JAK3*), PI(3)K--AKT--mTOR (*MTOR*), and Wnt (*AXIN2*) that result in the loss of growth inhibitory effects, cell proliferation, survival, and antiapoptosis related to the progression of colon cancer. For the abovementioned genes from each pathway, the corresponding AA variant shows a significant correlation with the activity of oxaliplatin only, for *NF1*, 5-FU only, for *TGFBR2* and *AXIN2*, and both oxaliplatin and 5-FU activities for *KRAS*, *JAK3*, and *MTOR* (see [Fig. 4](#f4-cin-15-2016-001){ref-type="fig"}). We suggest that the MAPK, JAK-STAT, and PI(3)K--AKT--mTOR pathways, which belong to the EGFR-signaling network,[@b26-cin-15-2016-001] are possible targets for combination therapy using both oxaliplatin and 5-FU. Nonetheless, depending on a specific variant of a gene, a drug may or may not be effective, since all mutations are not equal, as discussed previously.

Discussion
==========

Colon cancer is a complex disease with multiple genetic aberrations from multiple DNA variants. To determine AA variants of the genes in colon cancer, we used the NCI-60 cell lines,[@b32-cin-15-2016-001] a publicly available cancer database[@b20-cin-15-2016-001] with whole exome DNA sequencing data.[@b24-cin-15-2016-001] The presence of many known cancer-driver genes from our analysis supports their cancer predisposing functions. For instance, concurrent mutations in *gatekeeping* gene such as *APC* and *KRAS* increases the number of tumor cells[@b11-cin-15-2016-001] in colon cancer. In addition, mutations of other genes including *PIK3CA*, *SMAD4*, and *TP53* may trigger the tumor malignancy and metastasis.[@b11-cin-15-2016-001]

Mutated *KRAS* gene represents nearly 40% of the colon cancer cases dominated by several variants in codons G12 (27%) and G13 (9.1%) ([Fig. 5A](#f5-cin-15-2016-001){ref-type="fig"}).[@b33-cin-15-2016-001] Particularly, the variants G12D, G12V, and G13D at exons 2 are among the most common mutations of *KRAS* gene,[@b34-cin-15-2016-001] representing 12%, 7.3%, and 8.1% colon cancer cases,[@b33-cin-15-2016-001] respectively. Variants of codons G12 and G13 are particularly damaging to the enzyme activity of K-Ras protein that hydrolyzes guanosine-5′-triphosphate (GTP). The structure of K-Ras protein in [Figure 5B](#f5-cin-15-2016-001){ref-type="fig"} shows that the two codons (G12 and G13) are located at the phosphate-binding loop (AA 10--16) that participates in the hydrolysis of GTPase-accelerating protein (GAP). Notably, Imamura et al.[@b33-cin-15-2016-001] demonstrated that tumors with *KRAS* mutations in codons Q61 and A146 account for about 5% of colon cancers ([Fig. 5A](#f5-cin-15-2016-001){ref-type="fig"}), and their clinicopathological and molecular features seem in general similar to *KRAS* codons 12 or 13 mutated cancers, suggesting that these *KRAS* mutations may work in concert during cancer progression.

Although specific genetic changes could result in cell malignancy, it is the accumulation rather than the specific nature or temporal order of the mutations that are the most critical.[@b35-cin-15-2016-001] The mutations block GAPs from supporting GTP hydrolysis by K-Ras, thus accumulating its GTP-bound active form.[@b36-cin-15-2016-001] It has been demonstrated that the mutation of *KRAS* gene results in a constitutively active GTP-bound state and the stimulation of downstream proliferative signaling pathways,[@b36-cin-15-2016-001],[@b37-cin-15-2016-001] which may explain the importance of mutated *KRAS* gene in tumorigenesis. Human studies have suggested that the presence of a somatic *KRAS* gene mutation was associated with poorer statistically significant disease-free and overall survival after the diagnosis of colon cancer in patients.[@b38-cin-15-2016-001],[@b39-cin-15-2016-001] In fact, *KRAS* mutations are frequently found in up to 95% of early dysplasia and also in hyperplastic polyps.[@b40-cin-15-2016-001],[@b41-cin-15-2016-001] Nonetheless, it appears that *KRAS* mutation alone may not be sufficient or essential to drive the malignant transformation; thus, *KRAS* gene variant requires additional driver genes[@b42-cin-15-2016-001] for malignancy. Particularly, it is the sequence that is critical in which the *KRAS* mutation ensues in relation to the *APC* mutation. If a *KRAS* mutation takes place after an *APC* mutation, the dysplastic lesion often progresses to cancer.[@b43-cin-15-2016-001],[@b44-cin-15-2016-001] Collectively, these observations imply that the combination of various mutations in a timely manner can lead to protein malfunction-mediated colon cancer. In addition to *APC*, *KRAS*, and *TP53* gene, we found several other mutated genes from the NCI-60 colon cancer panel, including *EP300*, *ATM*, *ACVRA*, *FAM1238*, *LRRK2*, *MAPK3K1*, *MD12*, *NOTCH*, and *PQLP*, but only few of these genes are deleterious to cancer cell development.

Modifications in cancer genomes strongly affect clinical reactions to the treatment, and in many cases, the detrimental gene alterations may be potent biomarkers for drug response in clinical settings.[@b45-cin-15-2016-001] Therefore, there is a need for the incorporation of new molecular tests into clinical practice.[@b46-cin-15-2016-001] Our study based on the analysis of gene--variant--drug activity for oxaliplatin or 5-FU on the NCI-60 cell lines revealed gene networks related to colon cancer progression pathways. Nonetheless, in some instances, the activity of one of the two drugs associates with only specific AA variant(s) for a given gene. Even more significantly, we found that the activity of phosphaplatin drug (PT-112) against the NCI-60 colon cancer lines is comparable with either oxaliplatin or 5-FU. Therefore, PT-112 may be used alone or in combination with oxaliplatin or 5-FU against colon cancers. Moreover, a recent study by Bose et al.[@b47-cin-15-2016-001] revealed that unlike cisplatin, PT-112 does not activate the DNA repair genes. As a result, the lack of potential DNA repair-based resistance and the engagement of the extrinsic apoptotic pathway make PT-112 attractive alternatives to Pt-based therapies that are currently in use.

Our analyses on the drug activity results revealed that oxaliplatin is sensitive to HCT_116, HCT_15, and SW_620 cell lines ([Fig. 3](#f3-cin-15-2016-001){ref-type="fig"}). This may be associated, at least partially, with the AA variants of *KRAS* (G13D in HCT_116 and HCT_15 and G12V in SW_620 cell lines) that correlates with oxaliplatin activity (see [Table 1](#t1-cin-15-2016-001){ref-type="table"}). In particular, *KRAS* mutation can affect cancer-promoting protein functions of these three cell lines. In support of this premise, an *in vitro* study demonstrated that *KRAS* mutant colon cancer cells are sensitive to oxaliplatin than *KRAS* wild-type colon cancer cells by the mechanism of excision repair cross-complementation group 1 downregulation.[@b48-cin-15-2016-001] In contrast, the cell line HCC_2998 is neutral to oxaliplatin, and the AA variant A146T of *KRAS* from this cell line is not correlated with oxaliplatin activity ([Table 1](#t1-cin-15-2016-001){ref-type="table"}). For the non-Pt-based drug 5-FU, we found that AA variant G13D of *KRAS* in the cell lines HCT_116 and HCT_15 correlates with its activity and both of these cell lines are sensitive to 5-FU. However, SW_620 is the only colon cancer cell line that is neutral to 5-FU, and at the same time, the AA variant G12V of *KRAS* from this cell line does not correlate with 5-FU activity ([Table 2](#t2-cin-15-2016-001){ref-type="table"}). Although the cell line HCC_2998 is sensitive to 5-FU, however, the AA variant A146T of *KRAS* from this cell line does not correlate with 5-FU activity ([Table 2](#t2-cin-15-2016-001){ref-type="table"}). Overall, these results emphasize that not only the percentage of variants of gene is important but also the type of mutations, depending on their impact on protein function and associated signaling pathways for the drug efficacy.

Variants of other genes such as *SIN3A* (a transcription factor), *IDH1* (involved in cell metabolism), and *SMO* (a hedgehog protein) from HCT_116 and HCT_15 are also oxaliplatin and 5-FU sensitive. This finding further implies that those variants may also contribute to the effect of the drugs against the cells. Interestingly, AA variant(s) from several genes other than *KRAS* correlate with the activity of 5-FU for HCC_2998, implying that the sensitivity of this cell line to 5-FU may be independent of *KRAS* mutation. Overall, these findings support the possibility of learning genomic signatures of chemoresponse from the NCI-60 cell lines. However, the application of this knowledge to predict patient response to chemotherapy should be interpreted with caution, as gene variants may be cell specific, drug specific, or both.

Although a cancer-relevant gene/protein may appear as an attractive drug target, we showed that investigating its role in the disease-related pathways might provide a better perspective for targeted therapy with respect to better efficacy, reduced toxicity, and drug resistance. Indeed, the approach of networks became a gradually acclaimed method in drug design.[@b49-cin-15-2016-001] We identified 34 uniquely mutated genes that exhibit correlation with the activity of oxaliplatin or 5-FU or both for the colon cancer cell lines. Specifically, variant(s) of some genes related to the EGFR-signaling network are correlated with the activity of oxaliplatin or 5-FU or both in the colon cancer cell lines. Therefore, we speculate that members of the EGFR-signaling network may be used as potential targets alone or together with oxaliplatin and 5-FU for colon cancer treatment.

Using the knowledge from KEGG pathway for colon cancer progression, we uncovered four mutated genes (*AXIN1*, *KRAS*, *MLH1*, and *TGFBRII*), which are associated with the activity of the drugs and belong to distinct pathways. For example, *KRAS* and *MTOR* genes, which belong to MAPK and PI(3)K--AKT--mTOR pathways respectively, correlate with the activity of both oxaliplatin and 5-FU ([Fig. 4](#f4-cin-15-2016-001){ref-type="fig"}). This is consistent with laboratory findings showing that the activation of the PI(3)K--AKT--mTOR pathway resulted in drug resistance to oxaliplatin[@b50-cin-15-2016-001] and 5-FU[@b51-cin-15-2016-001]--[@b53-cin-15-2016-001] in colon cancer cell line. However, because of cellular heterogeneity, dual inhibitors combine better with 5-FU in sensitivity to PI(3)K--AKT--mTOR inhibition.[@b54-cin-15-2016-001],[@b55-cin-15-2016-001] In particular, PI(3)K--AKT--mTOR pathway promotes survival, development, and proliferation of cancer cells.[@b56-cin-15-2016-001] Overall, the top significant biological functions related to those pathways include cell-to-cell signaling, cellular proliferation, and cell instability.[@b57-cin-15-2016-001] As signaling pathway activation is a complex process, not only gene mutations but also cytokines, growth factor, and virus infection can play important roles via key molecules to cause drug resistance,[@b58-cin-15-2016-001]--[@b60-cin-15-2016-001] and how this affects oxaliplatin and 5-FU activities remains to be investigated.

Despite the importance of our findings, our analysis has few caveats. Our study focused on the analyses of cell lines, and these cell lines do not represent all molecular types of colon cancer. We are also well aware that we may have equally overlooked lethal gene variants due to the small number of cell lines, and this may limit the amount of variants available as drug targets. However, one of the assets of our study is the use of the NCI-60 cell lines because of the high quality of the associated molecular data, which might be difficult or accurately unfeasible[@b23-cin-15-2016-001] to obtain from the Cancer Cell Line Encyclopedia[@b61-cin-15-2016-001] for 1,000 cancer cell lines. Another important asset this computational study offer is novel molecular detection against known drugs such as oxaliplatin and 5-FU.

Conclusion
==========

In summary, our in silico data correlated the AA variants of colon cancer cell lines harboring 34 uniquely mutated genes with oxaliplatin and/or 5-FU activities. Our results suggest the advantage of our approach toward personalized cancer treatment, because it categorizes gene variants according to their functional impacts on the pathways of cancer progression and their correlation with drug efficacy. Subsequently, molecular networks provide clear insights into how drug target works by understanding the mechanisms of drug action. Our integrative analyses show a future direction of achieving an effective cancer therapy[@b62-cin-15-2016-001] through rational therapeutic trial, by specifically targeting the malfunctioning molecules, and associated pathways for personalized treatment.

Methods
=======

Summary of computational procedures used in this study
------------------------------------------------------

[Figure 6](#f6-cin-15-2016-001){ref-type="fig"} represents a flow chart showing the different analyses performed on the NCI-60 cancer cell lines (described in [Supplementary Table 1](#s1-cin-15-2016-001){ref-type="supplementary-material"}) using CellMiner (NCI-60 analysis tool; database version 1.5.1; <http://discover.nci.nih.gov/cellminer/>). Briefly, we first checked mutations in each of the 188 genes across the NCI-60 cancer cell lines. Specifically, SMGs from TCGA Pan-Cancer for 12 different cancer types[@b21-cin-15-2016-001] were analyzed along with the driver genes (oncogenes and TSGs) with subtle mutations[@b22-cin-15-2016-001] from COSMIC. Second, for the mutated genes specifically from the colon cancer cell lines, we identified corresponding AA variants. Third, the impact of the gene variant(s) on protein function was identified. Then, the activity (sensitivity or insensitivity) of the Pt-based drugs such as oxaliplatin, cisplatin, carboplatin along with PT-112, which is currently undergoing clinical trial, and antimetabolite chemotherapeutic drug 5-FU were obtained as a *z*-score based on the GI~50~ value of the NCI-60 cell lines. The GI~50~ measures the growth inhibitory power of a test drug.[@b63-cin-15-2016-001] Finally, a statistically significant correlation between a single AA variant of each gene and drug activity (except PT-112) was obtained for the colon cancer cell lines to predict the possible gene network and signaling pathways related to the progression of colon cancer (from KEGG pathway) for targeted therapy. Detailed description for each of the step is given in the following subsections.

Detection of genetic variant(s) in the NCI-60 cell lines set
------------------------------------------------------------

To obtain genetic variant(s) of 188 unique genes from the whole exome DNA sequencing of the NCI-60 cell lines,[@b24-cin-15-2016-001] *genetic variant summation* option of the NCI-60 analysis tool of CellMiner was used. Detailed information on the NCI-60 cell lines can be found in the Development Therapeutics Programs (DTP) (<http://dtp.nci.nih.gov/>).[@b32-cin-15-2016-001] For each gene, the Human Genome Organization (HUGO) symbol was provided as an input. The variant percentage for a single gene for each cell line is based on all the allele frequency of AA variants from the whole exome sequencing data. For multiple variants of a single gene, the equation used to calculate the integrative percent of AA-changing DNA variants per cell is given as: 1 − \[(1 − *P*~1~) × (1 − *P*~2~)... (1 − *P~n~*)\],[@b23-cin-15-2016-001] where *P*~1~ is the allele frequency for variant 1, *P*~2~ is the allele frequency for variant 2, and *P~n~* is the allele frequency for variant *n*.[@b23-cin-15-2016-001]

Protein function affecting gene variant(s) are proposed to be deleterious and not present in the normal genomes (the 1,000 genomes (<http://www.1000genomes.org/>) and EPS5400 (<http://evs.gs.washington.edu/EVS/>), as determined by CellMiner.[@b24-cin-15-2016-001] The deleterious status of the genetic variant(s) is based on the Sorting Intolerant from Tolerant (SIFT; <http://sift.bii.a-star.edu.sg/>) values \< 0.05 or polyphen-2 (<http://genetics.bwh.harvard.edu/pph2/>) values ≥ 0.85, or the presence or absence in COSMIC for missense changes, or the variant(s) that lead to splicesense, frameshift, or premature stops, as described by Abaan et al.[@b24-cin-15-2016-001]

Drug activity against the cell lines
------------------------------------

The drug activity of oxaliplatin, cisplatin, carboplatin, and 5-FU for the NCI-60 cell lines (including the colon cancer) was obtained from CellMiner (NCI-60 analysis tools) using the option *drug activity z-score*. We obtained the drug activity as *z*-scores from the CellMiner for both the Pt-based (oxaliplatin, cisplatin and carboplatin) and non-Pt-based (5-FU) drugs using the National Service Center (NSC) numbers (oxaliplatin: 266046, cisplatin: 119875, carboplatin: 242240, and 5-FU: 19893). For statistical justification, CellMiner utilizes the GI50 datasets of a drug from DTP for the NCI-60 cell lines and transforms the *−log*~10~*(GI*50) values to *z*-score that passed the quality control criteria with a minimum dataset of two (detailed description of quality control is given in Reinhold et al.[@b20-cin-15-2016-001]). For the new investigational phosphaplatin drug (PT-112), which is undergoing phase I clinical trial ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier: NCT02266745), the data of drug activity are not publicly available in CellMiner. Therefore, there are no computed *z*-scores for this drug. As a result, we computed the *z*-scores by converting the GI50 data of PT-112 (NSC no. 756765) from DTP (see [Supplementary Figure 2](#s1-cin-15-2016-001){ref-type="supplementary-material"}). Then, only one dataset is available at DTP for PT-112; therefore, the quality control for this drug is not warranted. Nevertheless, GI50 data from PT-112 passed the 1.2 log~10~ range test, as described in Ref. [@b20-cin-15-2016-001]

Drug activity and single gene variants correlations
---------------------------------------------------

We used the *genetic variant versus drug visualization* option of NCI-60 analysis tool from CellMiner to identify the pharmacogenomics correlation between drug activity and single gene variants (nonsynonymous mutation). For this analysis, the NSC number of each drug (for oxaliplatin, cisplatin, carboplatin, and 5-FU) was provided along with the HUGO symbols of the genes. The drug--gene variant correlation was obtained from CellMiner as the Matthew's correlation coefficient (MCC), based on the super learner algorithm, as described in Refs. [@b23-cin-15-2016-001], [@b24-cin-15-2016-001] MCC returns a value between −1 and 1, where 1 represents a perfect prediction, 0 represents no better than random prediction, and −1 indicates total disagreement between prediction and observation. For a given gene, the combination of up to five *amino-acid-changing* variants with the highest correlation to each drug activity was identified among the NCI-60 cell lines.[@b23-cin-15-2016-001] Detailed procedure and other criteria for the MCC calculation for NCI-60 cell lines are provided by Reinhold et al.[@b23-cin-15-2016-001] CellMiner only provides the MCC values for those variants for a drug--gene combination, which are statistically significant (*P*-value \< 0.05, Pearson correlation (*r*) \> 0.280 for *n* = 60). The pharmacogenomics correlation analyses of PT-112 activity and single gene variants were not performed due to the unavailability of the PT-112 data in CellMiner.

Pathway analysis of mutated genes that correlate to oxaliplatin/5-FU activity in colon cancer
---------------------------------------------------------------------------------------------

For uniquely mutated genes that exhibit correlation to the activity of oxaliplatin or 5-FU or both for the colon cancer cell lines, we first compared these genes with known KEGG pathway maps related to colon cancer progression (<http://www.genome.jp/dbget-bin/www_bget?pathway+hsa05210>). In addition, we performed extensive literature search and identified the EGFR-signaling pathway for its involvement in the development and progression of several human tumors, including colon cancer.[@b31-cin-15-2016-001]

Supplementary Material
======================

###### 

**Supplementary Table 1.** Relevant information on the NCI-60 colon cancer cell lines as obtained from the catalogue of somatic mutation (COSMIC) (<http://cancer.sanger.ac.uk/cell_lines/cbrowse/nci>).

**Supplementary Table 2.** Correlation between cisplatin activity and amino-acid (AA) variants of NCI-60 colon cancer cell lines (for genes common with oxaliplatin). "X" symbol indicates that the AA variant is not correlated with drug activity. Other genes (not in common with oxaliplatin) for which the variant(s) correlate with cisplatin activity are: *PI3KCA, CREBBP, FAM123B, HNF1A, NF2*, and *PRDM1*.

**Supplementary Table 3.** Correlation between carboplatin activity and AA-variants (colon cancer) (for genes common with oxaliplatin). "X" symbol indicates that the AA variant is not correlated with drug activity. Other genes (not in common with oxaliplatin) for which the variant(s) correlate with carboplatin activity are: *ELF3 EP300; SETD2; ATRX CHEK2 SMC3; ERBB4 FLT3; PIK3CA; APC; CDH1; LIFR USP9X; BCOR CASP8 CREBBP CYLD FAM123B GNAS MED12 NF2 PRDM1 PTCH1 SMARCA4 TSHR*.

**Supplementary Table 4.** Summary of biological functions of the uniquely mutated genes for which the amino-acid changing variant(s) exhibits correlation with the activity of oxaliplatin or 5-FU or both for the colon cancer cell lines. The underlined genes are related with colon cancer progression from KEGG pathway (<http://www.genome.jp/dbget-bin/www_bget?pathway+hsa05210>).

**Supplementary Table 5.** List of driver genes that exhibit non-synonymous mutations across the NCI-60 cell lines (see [Figs. 1](#f1-cin-15-2016-001){ref-type="fig"} and [2](#f2-cin-15-2016-001){ref-type="fig"} in the Main text).

**Supplementary Figure 1.** Venn diagram of the 188 unique genes for which the mutations were analyzed across the NCI-60 colon cancer cell lines. The number of genes is indicated inside the brackets for different categories.

**Supplementary Figure 2.** GI50 data set and mean graph of PT-112 (NSC \# 756765), as obtained from the NCI Development Therapeutics Program. Note that the GI50 data, only for the NCI-60 cell lines were used to calculate the z-scores of PT-112 in Figure S3.

**Supplementary Figure 3.** Activity of platinum (Pt) based drugs (PT-112, oxaliplatin, carboplatin and cisplatin) and 5-FU across the NCI-60 cell lines for nine different cancer types. Drug activity based on the z-scores were determined from the growth inhibitory 50% (GI50) data (see Methods in the main text) across the 60 cell lines for 9 different cancer types: BR (breast); CNS (central nervous system); CO (colon); LE (leukemia); ME (melanoma); LC (lung); OV (ovarian); PR (prostate); and RE (renal) cancer. The shaded region indicates the z-scores for the seven colon cancer cell lines.
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![Nonsynonymous variants of 160 genes across the NCI-60 colon cancer cell lines. Variant percentages for a single gene for each cell line are calculated based on all AA variants present, using the percentage presence of each variant (see the "Methods" section). The 58 and 49 genes were grouped in different signaling pathways following Ref. [@b21-cin-15-2016-001] in (**A**) and (**B**), respectively. The 63 genes in (**C**) were grouped in different cellular processes following Ref. [@b22-cin-15-2016-001] The driver genes (oncogenes and TSG) are shown in bold letters and also listed in [Supplementary Table 5](#s1-cin-15-2016-001){ref-type="supplementary-material"}. Asterisks symbols indicate the oncogenes. The genes related to the progression of colon cancer from KEGG pathway (see the "Methods" section) are underlined.](cin-15-2016-001f1){#f1-cin-15-2016-001}

![Nonsynonymous variants of 160 genes across the NCI-60 colon cancer cell lines that affect protein function (proposed to be deleterious and not present in the normal genomes; see the "Methods" section). For different representation of the 160 genes and classification of the genes in different signaling pathways and cellular processes see the description of [Figure 1](#f1-cin-15-2016-001){ref-type="fig"}.](cin-15-2016-001f2){#f2-cin-15-2016-001}

![Activity of PT-112, oxaliplatin, and 5-FU across the colon cancer cell lines. The activity of PT-112 (**A**), oxaliplatin (**B**), and 5-FU (**C**) were obtained based on their *z*-scores determined from the growth inhibitory 50% (GI50) data (see the "Methods" section) across all the NCI-60 cell lines for nine different cancer types (see Supplementary [Fig. 3](#f3-cin-15-2016-001){ref-type="fig"}). Cell lines with *z*-scores \<0.5 are considered sensitive, whereas cells with *z*-scores \>0.5 are resistant than the average value of GI50 for all the 60 cell lines.[@b24-cin-15-2016-001] When the score is between −0.5 \< *z*-score and *z*-score \< 0.5, the cell lines are neutral.[@b24-cin-15-2016-001]](cin-15-2016-001f3){#f3-cin-15-2016-001}

![Signaling pathways related to the activity of oxaliplatin and 5-FU for colon cancer cell lines. For the NCI-60 colon cancer cell lines, the AA variants of *KRAS*, *JAK*, and *MTOR* correlate with the activity of both oxaliplatin and 5-FU (indicated by both blue and red dots) from MAPK, JAK-STAT, and PI(3)K--AKT--mTOR pathways, respectively ([Tables 1](#t1-cin-15-2016-001){ref-type="table"} and [2](#t2-cin-15-2016-001){ref-type="table"}). The AA variant of NF1 correlates with the activity of oxaliplatin only (indicated by red dot) from MAPK pathway ([Table 1](#t1-cin-15-2016-001){ref-type="table"}). The AA variants of *TGFBR2* and *AXIN1* correlate with the activity of 5-FU only (indicated by blue dot) from TGF-β and Wnt pathways, respectively ([Table 2](#t2-cin-15-2016-001){ref-type="table"}).](cin-15-2016-001f4){#f4-cin-15-2016-001}

![Distribution of wild-type and mutated *KRAS* in colon cancer. Frequencies of *KRAS* mutation are based on 1,267 cases as demonstrated by Imamura et al.[@b33-cin-15-2016-001] Frequencies of different mutations in the codons 12, 13, 61, and 146 are also indicated (**A**). The structure of GDP-bound human K-Ras protein (**B**). In the K-Ras protein structure (Protein Data Bank ID: 4OBE), amino acid residues G12 and G13 are shown in green, Q61 is shown in orange, and A146 is shown in cyan with licorice representation. GDP is shown in pink with ball and stick representation. Magnesium ion (Mg^2+^) is shown in red.](cin-15-2016-001f5){#f5-cin-15-2016-001}

![Illustration of the methods used in this study to correlate the drug activity with the amino acid (AA) variants from the genetic mutation across the NCI-60 colon cancer cell lines. The AA variant(s) of the genes that also impact protein function might be related to the pathways for the progression of colon cancer. The correlation between drug activity (sensitive/resistance) and a single AA variant was also explored to predict the possible protein network related to colon cancer progression pathways for targeted therapy.](cin-15-2016-001f6){#f6-cin-15-2016-001}

###### 

Pharmacogenomics correlation between oxaliplatin activity and genetic variants. The variants of 20 genes (from the colon cancer cell lines) identified by Matthews's correlation coefficient (MCC) that show statistically significant correlation (*P* \< 0.05) with the activity of oxaliplatin for all the 60 cancer cell lines of NCI (see the "Methods" section) are shown. The cell lines sensitive/resistant/neutral to oxaliplatin are represented in blue, red, and black colors, respectively. For a given gene, details of only those variants are indicated that correlate with the activity of oxaliplatin. Variants that correlate with the activity of both oxaliplatin and 5-FU are shown in bold letters. Signaling pathways/cellular processes related to each gene are indicated by color bars in the left side of the table. Variant percentages for a single gene for each cell line are calculated based on the single amino acid (AA)-changing variants present. For *TSHZ3*, for example, percentage conversion indicates that 34% of nucleotides of this gene converted from T \> C and Y922C indicates a corresponding change in AA. For gene *SIN3A*, E618_splc indicates AA change due to splice sense mutation. For gene *RNF43*, \*\>G indicates there has been either addition/deletion of nucleotides which causes a change from AA to frameshift, A115fs. For gene *MLH1*, S11X indicates a change from AA to stop codon. For the evaluation of the impact of the AA variant(s) on protein function in CellMiner, see the "Methods" section.

  --
  --

###### 

Pharmacogenomics correlation between 5-FU activity and genetic variants. The variants of 23 genes (from the colon cancer cell lines) identified by Matthews's correlation coefficient (MCC) that show statistically significant correlation (*P* \< 0.05) with the activity of 5-FU for all the 60 cancer cell lines of NCI (see the "Methods" section) are shown. Variants that correlate with the activity of both oxaliplatin and 5-FU are shown in bold letters. Signaling pathways/cellular processes related to each gene are indicated by color bars in the left side of the table. For detailed description of the variants, see the caption of [Table 1](#t1-cin-15-2016-001){ref-type="table"}.

  --
  --

[^1]: deceased, see Acknowledgements section for further information.
